We are monitoring 27 galaxies within 10 Mpc using the Large Binocular Telescope to search for failed supernovae (SNe), massive stars that collapse to form a black hole without a SN explosion. This sample yielded 3 successful SNe during the 4 year survey period. We search for stars that have "vanished" over the course of our survey, by examining all stars showing a decrease in luminosity of ∆νL ν ≥ 10 4 L ⊙ from the first to the last observation. We also search for the low luminosity, long duration transients predicted by Lovegrove & Woosley (2013) for failed explosions of red supergiants. After analyzing the first 4 years of data in this first direct search for failed SNe, we are left with three candidates requiring further study. Only one candidate approaches the luminosity needed to address the absence of higher mass red supergiant SN progenitors. Under the assumption that further observations show that 1, 2 or 3 candidates are failed SN, the median fractions are f ≃ 0.30, f ≃ 0.40, and f ≃ 0.48 respectively with symmetric 90% confidence limits of 0.07 ≤ f ≤ 0.62, 0.15 ≤ f ≤ 0.69, and 0.22 ≤ f ≤ 0.69. If follow up data eliminates these candidates, we find an upper limit on the fraction of core collapses leading to a failed SN of f < 0.40 at 90% confidence. As the duration of the survey continues to increase, it will have no difficulty constraining the f ≃ 20-30% failure rates needed to explain the absence of massive SN progenitors.
INTRODUCTION
Massive stars have a tremendous impact on the evolution of galaxies and stellar populations through both energy injection and chemical enrichment. To understand how massive stars affect their environments, we must understand their deaths, particularly the balance between successful supernovae (SNe), which eject most of their mass, including significant amounts of nuclear processed material to be recycled into a new generation of stars, and failed SNe, which form a black hole while ejecting little or no energy or enriched material (see Smartt 2009 for a review of SN progenitors). Understanding this balance is also crucial to understanding the SN mechanism, a long standing problem in astronomy (see Pejcha & Thompson 2014) .
It has long been believed that some fraction of massive stars experience a failed SN. The focus has usually been on high mass stars at lower metallicity where mass loss may be smaller (Heger et al. 2003) . However, there are also arguments about whether elemental abundances require a significant fraction of failed SNe for M > ∼ 25 M⊙ to avoid the overproduction of heavy elements (e.g. Maeder 1992 for and Prantzos 1994 against) . This issue was recently revisited by Brown & Woosley (2013) and Clausen et al. (2014) , who both find that nucleosynthetic considerations provide only weak constraints on any mass range associated with failed SNe.
The question of failed SNe has become more pressing because there appears to be a dearth of high mass SN progenitors (Kochanek et al. 2008 ). In particular, Smartt et al. (2009) find no Type IIP progenitors more massive than ≃ 18 M⊙ even though stars up to 25-30 M⊙ are thought to explode as red supergiants (RSG). It is possible that this RSG problem has a solution other than failed SNe, such as changing the stellar evolution models, as discussed by Smartt et al. (2009) . For example, the rotating models of can move the upper mass limit to explode as a red supergiant to as low as 17 M⊙, although these models may be in conflict with recent astroseismic results (Ceillier et al. 2012 ). Another option is to make these stars very dusty (Walmswell & Eldridge 2012) , so that they would be fainter and thus have underestimated masses if the extinction is not well understood, although, these particular models overestimate the net effect (see Kochanek et al. 2012b) . While the progenitor masses depend somewhat on the analysis (e.g., Maund et al. 2014) , the basic conclusion of Kochanek et al. (2008) and Smartt et al. (2009) appears to be robust. Moreover, studies using local stellar populations to estimate progenitor masses of historical SNe have found similar results (Jennings et al. 2012; Williams et al. 2014; Jennings et al. 2014) . Failed SNe in this mass range can also explain the black hole mass function (Kochanek 2014a,b) and the mismatch between star formation and SN rate estimates (Horiuchi et al. 2011 (Horiuchi et al. , 2014 . Solving the red supergiant problem requires that f ≃ 20 − 30% of core collapses become failed SN.
While simulations of SNe cannot at present predict which SN will succeed, they can explore which stars are more difficult to explode given their mass and internal structure. O'Connor & Ott (2011) used the compactness of the core at bounce to estimate whether a SN is likely to be successful. They find that progenitors in the mass range associated with the RSG problem also have structures that make them more difficult to explode. Ugliano et al. (2012) also found that this progenitor mass range is more likely to result in a failed SN. In their study of the neutrino mechanism for SNe, Pejcha & Thompson (2014) show that a number of mass ranges probably lead to failed SNe, again including the mass range associated with the RSG problem, and that a failure rate f ≃ 20 − 30% is quite probable. This is also supported by the black hole mass function (Kochanek 2014a,b) .
Despite the expectation that some massive stars end their lives in a failed SN, there are surprisingly few studies of the external appearance of such events. Woosley & Heger (2012) found that some stars can collapse without fallback, probably forming a black hole without a significant transient. Failed SNe of RSGs probably produce a low luminosity optical transient. Lovegrove & Woosley (2013) , motivated by Nadezhin (1980) , simulated failed SNe of 15 and 25M⊙ RSGs, finding that the mass energy loss in neutrinos leads to a weak shock that unbinds the stellar envelope. The resulting black hole has the mass of the helium core, and this would naturally explain the compact remnant mass function (Kochanek 2014a,b; Clausen et al. 2014) . The optical signature of such failed SNe is a shock breakout followed by a longer term transient. The shock breakout produces a brighter (few 10 7 L⊙) optical transient, but it only lasts for 3-10 days (Piro 2013) . The longer term transient is driven by the recombination of the unbound envelope of the star, leading to a transient that lasts about ∼ 1 year with a luminosity of order L bol ∼ 10 6 L⊙ and a temperature of ∼ 4000 K at peak (Lovegrove & Woosley 2013) . While conditions are ideal for dust formation, dust formation only occurs as the transient begins to fade and so affects the optical signature little . No matter what the intervening physics, the star must ultimately "vanish" in the optical (see Kochanek et al. 2008) .
Traditionally, the search for failed SNe has focused on neutrinos (e.g., Lien et al. 2010; Mühlbeier et al. 2013) or gravitational waves (e.g., Ott 2009; Kotake 2011) with the difficulty that they could only be detected in the Milky Way with event timescales of centuries for a Galactic SN rate of 1 per 50 to 100 years (see Adams et al. 2013 ). However, in Kochanek et al. (2008) we pointed out that an optical survey for failed SNe was possible and could explore many more galaxies than simply the Milky Way. With an observed SN rate in the sample of ∼ 1 per year, the time scales to detect a failed SN become much more practical. In essence, we are monitoring the health of ∼ 10 6 RSGs in 27 galaxies within 10 Mpc using the Large Binocular Telescope (LBT) to see if any die, independent of the external symptoms beyond ultimately vanishing. With such a large sample of massive stars, we are able to probe the expected rates of this rare, difficult to observe phenomenon much more rapidly than if examining only our Galaxy.
In this work we report on the first such observational search for failed SNe. In §2 we discuss the galaxy sample and survey observations while §3 explains our image subtraction and calibration methods. In §4 we outline the candidate selection process and in §5 discuss the successful SNe in our sample. We discuss our final 4 candidates in §6 and in §7 we place limits on the failed SN rate. We summarize our results and discuss future directions in §8.
GALAXY SAMPLE AND OBSERVATIONS
Our galaxy sample consists of 27 galaxies within 10 Mpc, essentially those selected in Kochanek et al. (2008) that are visible from the LBT (Hill et al. 2006 ) and their nearby companions. We do not include M31 and M33 because their sizes are poorly matched to our instrument. The galaxies and several of their properties are given in Table 1 . The observing strategy made use of the LBT's unique binocular feature, observing in the R band with the red-optimized LBC-Red camera while simultaneously cycling through observations in the Uspec, B and V bands with the blue optimized LBC-Blue camera (Giallongo et al 2008) . Each LBC camera consists of four 4096 × 2048 CCDs, each of which covers 17.3 × 7.7 arcmin 2 with a plate scale of 0. ′′ 225 per pixel. Chips 1, 2 and 3 are adjacent to each other along the long sides of the chips, while Chip 4 is above them and rotated by 90
• (see Figure 4 in Giallongo et al 2008) to provide a total area of roughly 23 ′ × 23 ′ . The majority of the target galaxies fit on the central chip, Chip 2. The larger galaxies required multiple chips: M81 (all chips), M101 (all chips), NGC 2403 (all chips), NGC 6946 (3 chips), NGC 628 (3 chips), NGC 4258 (2 chips) and NGC 672 (2 chips). A single pointing included NGC 3627 on Chip 3 and NGC 3628 on Chip 1. Another single pointing included NGC 4258 on Chip 2 and NGC 4248 on Chip 4.
Exposure times were chosen to try to reach a fixed point source luminosity limit for each galaxy, although in practice, we could not perfectly scale exposure times as the squared distance to the galaxies. Table 1 gives the theoretical depths from the LBC exposure time calculator for a signal-to-noise ratio (SNR) of SN R = 5 for the R band images. More importantly, we get an average of ∼ 0.9 counts per L⊙ (νLν in a band), so the massive stars we are interested in should be detectable with enough counts to monitor their variability. Figure 1 shows the expected R band luminosities of stars at the end of their lives based on Marigo et al. (2008) and . The primary differences are due to the effects of mass loss on the effective temperatures. Most of the mass range of interest can be covered by a search for stars which change in brightness by ∆νLν > 10 4 L⊙. This will exclude the lowest mass progenitors, ∼ 10M⊙, and higher mass progenitors that have been stripped to become WolfRayet (WR) stars. In all these models, however, stars in The baseline is the time from the second observation to the last observation in the selection period. The flux calibration νLν /L ⊙ gives a sense of the number of counts expected from a star of a given luminosity. The depth is the LBC/ETC estimate of SN R = 5 for the R band depth of the observations in an extragalactic field (i.e. a normal sky background). References - the 15-25M⊙ range tend to have luminosities approaching νLν ∼ 10 5 L⊙ in at least one of our survey bands. Hence we set the sensitivity goal for our survey to reach at least νLν > 10 4 L⊙ to include all the evolved stars expected to experience a SN that do not experience a high level of mass loss and become the stripped WR stars responsible for Type Ib and Ic SNe.
IMAGE SUBTRACTION AND CALIBRATION
The basic data reduction steps of overscan correction, bias subtraction, and flat fielding are preformed using the IRAF MSCRED package. While we collect data even in poor conditions on the grounds that an epoch in poor conditions is better than no epoch at all, here we only analyze images with FWHM < 2 ′′ . The median image quality is 1. ′′ 3. Our search for stars in crowded fields showing large changes in luminosity is best accomplished by employing image subtraction. We use the ISIS image subtraction package (Alard & Lupton 1998; Alard 2000) to process our survey data.
We combined a minimum of 3 images and on average used about 20% of the available images in the reference image. The R band reference image was used as the astrometric reference image for all four bands. By doing this, the UBV and R band images all have the same astrometric solution and it becomes trivial to cross-match sources between bands. An astrometric solution was determined for the majority of the galaxies using the IRAF package MSCTPEAK and SDSS stars (Ivezić et al. 2007 ). There were 4 galaxies (NGC 6946, NGC 6503, NGC 925 and IC 2574) where we could not use SDSS to calibrate the reference images. Astrometric solutions for NGC 6946, NGC 925 and IC 2574 were found using the USNO-A2.0 catalog (Monet et al. 1998) . The astrometric solution for NGC 6503 was found using the HST Guide Star Catalog 2.3 (Lasker et al. 2008) . The typical residuals for the astrometric solutions are ∼ 0.
′′ 2.
Most photometric calibrations were also based on SDSS. The SDSS photometry was transformed from the SDSS ugriz filter system to the U BV Rc system using the prescription described by Jordi et al. (2006) . Again, there were 4 galaxies (NGC 6946, NGC 6503, NGC 925 and IC 2574) where we could not use SDSS to photometrically calibrate (2008) and . The solid curves are for Marigo et al. (2008) and the dotted (dashed) lines are for the non-rotating (rotating) models. The vertical axis is in units of log (νLν /L ⊙ ) and the horizontal axis is the zero-age main sequence (ZAMS) mass of a star. A horizontal line marks our ∆νLν ≃ 10 4 L ⊙ luminosity goal. We find four final candidates. While all four candidates require follow up observations, Candidate 3 showed weak signs of later time variability and only Candidate 1 has a luminosity approaching that of the stars needed to address the missing RSG SN progenitor problem. If they are true failed SNe, then the change in luminosity between our first and last observations during our candidate selection, when the star has vanished, is equivalent to their initial luminosity. These luminosities are shown with a dotdash horizontal line labeled with the candidate number.
the reference images. The U band photometric solution for NGC 6946 was determined using Botticella et al. (2009) for chip 2 and Sahu et al. (2006) for chip 1. The photometric solution for chip 3 was determined using overlaps between epochs with chip 2. The B and V solutions for chip 2, B and V solutions for chip 3 and the V band solutions for chip 1 were found using SINGS ancillary data (Kennicutt et al. 2003) . The R and B band for chip 1 and R band for chips 2 and 3 for NGC 6946 and R band NGC 6503 of were calibrated using the USNO-B1.0 catalog (Monet et al. 2003) . We required the sources used for calibration from the USNO-B1.0 catalog to be detected in both epochs and have the two measurements of luminosity agree to within 0.3 mag. The photometric solutions for the B and V bands of NGC 6503 were found using the HST Guide Star Catalog 2.3. IC 2574 and NGC 925 were calibrated in the B, V and R bands using the SINGS ancillary data (Kennicutt et al. 2003) . For the present study, the U band data for IC 2574, NGC 925 and NGC 6503 remain uncalibrated. The typical photometric errors are 0.06 mag. Since we are looking for large changes in luminosity, our absolute photometry does not require a high level of precision. When we select candidates based on luminosity cuts, we correct for Galactic extinction using the estimates from Schlafly & Finkbeiner (2011) .
We mask the images in two different ways. First, we create a subtraction mask that is applied before the ISIS image subtraction. On all images we apply a 9 pixel radius mask around any pixel exceeding 60,000 counts using IRAF. This removes saturated stars and most of their associated bleed trails, which are a dominant cause of erroneous variable sources. The reference image mask combines the masks of all the images used to construct it. This masking significantly improves the quality of the image subtraction and reduces the number of spurious variable sources. As discussed below, we catalog and track the individual saturated stars that lead to masked regions. However, we do lose the fainter stars that lie in the masked regions.
Unfortunately, subtractions near the edges of the masked regions are then damaged by the presence of the edge. So for candidate selection we use a "survey" mask. This second type of masking expands the subtraction masks a further 5 pixels and also masks the chip edges where image centering shifts produce subtraction artifacts. To estimate the fraction of the galaxy we are surveying, we calculate the masked area. Table 2 reports the fraction of each pointing/field that is masked for both the individual filters and the fraction that is masked in all filters (i.e., the "logical and" of the masks).
CANDIDATE SELECTION
To search for variable and ultimately vanishing stars, we combine several approaches to target selection. We start with three lists of potential candidates. We perform PSF photometry using DAOPHOT on the reference image and create a list of bright sources. We define a bright source as one having an observed luminosity of νLν ≥ 10 4 L⊙ in any band. Second, we identify all the variable sources in our survey. The variable sources are identified by performing aperture photometry using SExtractor on the RMS image. The RMS image is the pixel by pixel root mean square (rms) average of the subtracted images formed after eliminating those with seeing FWHM above 2.
′′ 0. Each subtracted image is convolved with a Gaussian of width, σ 2 = (2. ′′ 0 2 − F HW M 2 )/8 ln(2), designed to give all the subtracted images a similar resolution of 2.
′′ 0. Finally, we created a list of saturated sources that are masked in the reference image.
To remove artifacts from our source lists, we impose a cut on the flux ratio of two different apertures on the RMS image. Effectively, this cut removes SExtractor detections that are not point-like variable sources. We preformed IRAF aperture photometry on the RMS image using a 4 and an 8 pixel radius aperture, F4 and F8, for both our variable and bright sources. Experiments and visual inspection demonstrated that F4/F8 > 0.4 for real sources, and we reject a source that fails this test in all four filters.
We then combine the bright and variable lists, matching sources that are within 1 pixel of each other. Finally, we add the list of masked stars to create a final list of targets. ISIS light curves are then created for all targets that are not masked in the reference frame. These target lists are independently created for each of the 4 bands. For candidate The percentage fraction of each pointing/field that is masked both for the individual filters and in all filters (i.e., the "logical and" of the masks).
selection we examine the light curves from the beginning of the survey through the observing run ending 10 January 2013. The first and last observation dates for each galaxy are reported in Table 1 . We use the data taken after the January 2013 run to help determine the nature of any candidates. Ideally, we would have an accurate magnitude of each source in the reference image which we would use to normalize the difference imaging light curves. We would then simply analyze these light curves. In practice, confusion and saturation in the reference image means that we must consider several different cases. Furthermore, whether a target is masked can change over the course of the survey. Some of the changes are caused by astrophysical phenomena, like novae. Some of the changes are caused by properties of the data such as seeing variations or the size and rotation of the diffraction patterns from bright stars. We can broadly divide the possible scenarios by whether the source is (1) never masked, (2) masked in the reference image, or (3) unmasked in the reference image but masked in some observational epochs.
Sources Unmasked in the Reference Images
The targets found on the list of bright and/or variable sources are by definition unmasked in the reference image. For each source we produce an unnormalized light curve in ∆νLν(t) = νLν (t) − νLν (ref ). We would also like an estimate of the normalized light curve, νLν(t), which requires an estimate of the source luminosity, νLν ( We estimate νLν(ref ) in one of three ways. If a target matches a source in our full DAOPHOT catalog for the reference image, then we use this to normalize the light curve. While all bright targets have a DAOPHOT magnitude by definition, not all of the variable targets will be found as a source in the reference image. If no DAOPHOT source is found, we perform aperture photometry using IRAF on the reference image at the target location on the RMS image. If a significant flux is detected, we use this to normalize the light curve. Aperture photometry typically failed in areas of high background or near masked pixels. If aperture photometry fails, the light curve is normalized to the largest decrease in luminosity seen in the light curve since the target must be at least that bright. Essentially, we set the minimum ∆νLν(t) = 0.
Given ∆νLν(t) and our best estimate of νLν(t) we define several broad criteria to select candidates for failed SNe. The first set of criteria performs a general search for a source that has a large decrease in luminosity, possibly vanishing by our last observation. These criteria make no assumptions about the nature of any transient associated with black hole formation. We are simply looking for a vanishing massive star. As discussed earlier, the Padua stellar models (Marigo et al. 2008) or the stellar models show that a luminosity limit of νLν ∼ 10 4 L⊙ will capture the evolved stars expected to experience a SN that do not experience a high level of mass loss and become the stripped Wolf-Rayet stars responsible for Type Ib and Ic SN. We simply calculate the change in luminosity between the first and last observation from the differential light curves. If the change in luminosity is νLν (t1) − νLν (tN ) ≥ 10 4 L⊙, the source is considered a possible candidate. Note that this criterion is independent of νLν(ref ). We also identify objects that become significantly brighter νLν(tN )−νLν(t1) ≥ 10 4 L⊙ and follow these sources as we would a fading possible candidate. The brightening candidates allow us to explore our false-positive rate and will provide a sample of novae and other bright variables.
The second set of criteria address sources that become masked at some point in the survey, but are not masked in the reference image. Changes in a target's masked status can be due to astrophysical phenomena as well as changes in the data, such as small changes in the rotator angle. It is very difficult to automatically separate these two causes for a masking change. However, our multiple bands help minimize this problem. For example, if a target in the R band moves in and out of our masking limit with changing seeing, it is very likely this source will be unmasked in one of the bluer bands. Since we do the initial candidate selection independently in each band, sources that are occasionally masked in a band are considered a possible candidate if the target is masked at any point in the survey and is found during our last observation to have a luminosity νLν ≤ 10 4 L⊙. When we match candidates between the bands, as will be described later, we examine such sources in bands where they are unmasked, if possible.
Our last set of criteria is designed to identify the failed SN signature identified by Lovegrove & Woosley (2013) for red supergiant progenitors. While the shock breakout during a failed SN, discussed in Piro (2013) , produces a brighter optical transient, it only lasts for 3-10 days and this is too short to search for given our survey cadence. Lovegrove & Woosley (2013) found that for 15 − 25M⊙ red supergiants the envelope of the stars becomes unbound, producing a transient that lasts about ∼ 1 year with a luminosity of order L bol ∼ 10 6 L⊙ and a temperature of ∼ 4000 K at peak. We can easily search for such a source by selecting all targets that have a luminosity of νLν ≥ 10 5 L⊙ for between 3 months and 3 years during the survey. We impose this broad timing window to exclude objects that are always high luminosity or reach this luminosity only briefly. The luminosity limit is lower than L bol ∼ 10 6 L⊙, because we must take into account bolometric corrections. The changes in the blue bands will be smaller given the expected temperature, so this is primarily a search in the R and V bands.
Saturated Stars in the Reference Images
The reference images are constructed from the best quality images of each galaxy. This means that the reference image is generally comprised of images with the smallest FWHM, leading to the maximum number of saturated stars. The sources masked in the reference image are not necessarily masked in all the survey images, either because of changes in seeing or due to actual luminosity changes of the source. For saturated stars in the reference image we simply check their fluxes in the final epoch. We search the DAOPHOT catalog of the last image within a 3 pixel radius around the location of the star and pick the brightest source as our match. We search a larger radius because the location determined for the masked star in the reference image is approximate. If the source is still saturated or bright we ignore it. However if the luminosity in the final image is νLν ≤ 10 5 L⊙, the source is considered a possible candidate and is visually inspected. If no match is found, aperture photometry is preformed at the location. If the source is still masked, it is considered saturated and not a candidate. If a non-zero flux is found, the source is considered a possible candidate.
Processing the Candidates
Once we identify possible candidates in each of the bands, we cross match the bands using a 1 pixel radius. We next compare the DAOPHOT PSF luminosity from the last observation to that found by ISIS for each band in which the source is a candidate. If in any band these measurements match to within 0.3 mag and the candidate has a luminosity in the final image above νLν ≥ 0.25 × 10 4 L⊙, then the detection and measurement are considered secure, and we eliminate the candidate. If, instead, the photometry in the final image does not meet these criteria, then the candidate is visually inspected.
At this point we were left with 11,134 candidates across all galaxies and filters. Two of the authors (JG and CSK) visually inspected all the remaining candidates. We inspect candidates that are never masked in the longest wavelength band they are found as a candidate. If a candidate is sometimes masked or masked in the reference image, and is found never masked in another band, we inspect it in that band. If the candidate is unmasked in multiple bands, we inspect it at the longest wavelength band available. Often, sources masked in the R band are not masked in the U band. If the target is sometimes masked in all bands, we inspect the target in the longest wavelength band it was found as a candidate.
For the visual inspection, we looked at postage stamps around the source in the reference image, the last observation, the RMS image and each subtracted image in the survey. We constructed light curves and selected candidates from the survey data taken through January 2013. Data taken after this period were used to help determine if the source remained faint or was a persistently variable source. If we detect the source after January 2013 either directly in the image or through variability we declare that the source is not a failed SN and no longer a candidate.
The most common classifications of sources that did not continue as candidates are true variable stars that are clearly present after January 2013 and inconsistent subtraction of bright stars creating false candidates. Figure 2 shows 4 different examples of sources that were selected as candidates and removed through visual inspection. Case 1 (top) shows an example from NGC 5474 of the inconsistent subtraction of bright stars. Such sources are easy to identify and remove from the candidate list. Case 2 shows an asteroid in the field of NGC 628. Case 3 and Case 4 both show variable stars. Case 3 is in M101 and fades over the course of the survey selection period, but is clearly present in the last observation. Case 4 shows a variable star in NGC 6503 that does not steadily fade. It happens to be dimmer at the end of our candidate selection period in 2013 but the bright star is still visible in the last observation from 2014. This case also illustrates how poorer quality data, like the last observation NGC 6503, causes ambiguity. Many of the candidates that survived the first round of inspections were from galaxies that were less well sampled or had poorer quality data. Candidates were kept if either inspector considered it a candidate.
This first round of visual inspection resulted in a list of 235 residual candidates. Candidates that passed through the first round of visual inspections were then examined a second time using all available bands, which helps clear up most remaining ambiguities. For example, an area which is crowded in the R band may be much more sparse in the U band and something near the detection threshold in the V band may be a clear detection in the R band. This more detailed inspection of the candidates reduced the number of candidates to 14. A final round of inspections with additional data was completed adding the calibrated light curves to both aide our interpretation of the subtracted images and Four examples of sources that were selected as candidates and removed from the candidate list through visual inspection. In the subtracted images, which show the individual images minus the reference image, darker shades mean the source is dimmer than in the reference image and whiter shades mean it is brighter. For the REF, RMS, First, and Last images, the darker the source, the brighter it is. Case 1 is a bright star with "bipolar" subtraction residuals. These are the most common false positives. Case 2 is an asteroid. These are relatively uncommon and are easily removed due to their motion. Case 3 and Case 4 are both variable stars that happen to be dim at the end of our selection period. In most cases they are easily removed because they continue to vary after the end of the survey period. We show the reference image, the RMS image (where the brighter the source, the more it varied over the course of the survey), the first observation, a selection of the subtracted images labeled by their epoch and, finally, the last observation. The images are 10 arcseconds on a side.
for detailed checks of their light curves. We are left with 4 final candidates. In addition to selecting our failed SN candidates, our search allows us to compare the number of variable sources that had faded at the end of the selection period to those that had brightened. We would expect there to be about the same number of sources that had increased in brightness as those that had decreased in brightness and indeed this is the case. We find 3586 fading variable sources and 3514 brightening variable sources, giving a ratio of 1.02 ± 0.02. This helps show that we are not preferentially detecting sources that fade, but instead detect variable sources that are fading and brightening with roughly equal efficiency. We also detected ∼ 40 sources that met our Lovegrove-Woosley model based criteria, but all of these sources were ultimately rejected.
SUCCESSFUL SUPERNOVAE
We can use the successful ccSNe in these galaxies as tests of our approach. We processed these sources just as we would any star, basically preforming a blind search for a vanishing star, as long as our last observation is taken after the SN has sufficiently faded. During our survey period there were three core-collapse SN (SN 2009hd, SN 2011dh, and SN 2012fh) and one Type Ia SN (SN 2011fe) in our sample. Here we discuss the 3 ccSNe that occurred during our search window.
The first SN that occurred during our candidate selection period was SN 2009hd in NGC 3627 (Monard 2009; Elias-Rosa et al. 2011 ). This SN exploded in June 2009 when we had 3 epochs of data. The SN occurred in a dusty region and because of the resulting low progenitor fluxes and the sparsity of epochs we have no useful information on the variability of the progenitor. We have 4 epochs after the explosion and during our candidate selection period, with the last observation on 28 April 2012, plus 5 additional epochs after the selection period. This source was chosen as a brightening candidate in the U , B, and V bands. In the R band, the source fell next to a bright star that is masked in our images. The luminosity of the SN is still brighter than the progenitor even in 2014, probably because of interactions between the SN shock and the circumstellar medium. As a result, we did not find it as a faded star. A failed SN, even with mass ejection as in Lovegrove & Woosley (2013) , could not produce this bright long-term luminosity because there would be either no shock or a very weak shock. Shock driven luminosities scale as L ∝ v 3 s where vs is the shock speed, so a failed SN with vs ∼ 200 km/s would be about (200/4000) 3 ∼ 10 −4 times less luminous than a true SN with vs ∼ 4000 km/s and could not sustain the luminosity of a massive evolved star.
The best test of our search algorithm is SN 2011dh in NGC 5194. This type IIb SN was discovered quickly after its May 31 explosion (Griga et al 2008) . At the time of the SN, we had 5 epochs in UBV and 4 epochs in R. The progenitor was easily visible and found to be variable in our LBT data, as discussed in detail in Szczygie l et al. (2012) . We have 4 additional epochs during our selection period after the SN occurred. The last observation of the source in our candidate window was on 10 January 2013, one of the last observations to be included. SN 2011dh was selected as a candidate in all four bands, although not truly based on the star vanishing. In the present data, the source was selected because of the SN surviving as a candidate in the U , V and R bands. In the U and B bands, the SN exceeded the "brightening" luminosity (∆νLν ≥ 10 4 L⊙) and it was kept as a candidate in U both for brightening and matching the Lovegrove-Woosley model based criteria. It was not kept as a candidate in the B band, where it had not faded sufficiently. It would have been selected at B band had we used the next epoch in March 2013.
In the R and V bands it was selected because it had been masked in the reference image due to the inclusion of the SN and was unmasked and not found by DAOPHOT in the final epoch (V band) or found to have significantly faded (R band). The inspections periodically led to a frisson of excitement when this source came up because the vanishing of the progenitor is unambiguous in any visual inspection of the later data.
As an experiment, we explored what would happen if the SN was removed from R band data. We created a new reference image using images from before the SN and removed observations where the SN was masked. Figure 3 shows the differential flux light curves for the U and B bands from our original blind analysis while the R band light curve is from our analysis removing the SN. The R band source is clearly fading and the source would have been considered a fading candidate during the candidate selection period. Figure 4 shows the U and B band images from our original candidate selection and R band images from the candidate selection period and only select observations afterward. We show the RMS image (where the brighter the source, the more it varied over the course of the survey), the reference image, the first observation, the subtracted images labeled with the epoch and finally the last observation. In the U and B bands there was not enough time to fade below the luminosity of the progenitor. In the R band, the subtracted images show the low level of fading found by Szczygie l et al. (2012) before the SN. There is a definite signal afterwards, signifying the lack of flux from the progenitor. If we analyze this source, it is flagged as a vanishing star candidate. If we include the data later than January 2013 the signal becomes even stronger, as shown in Figure 3 . This shows that our methods are valid and able to discover vanishing stars.
The final ccSN that occurred during our candidate selection was the Type Ic SN 2012fh in NGC 3344 (Nakano et al. 2012 Nakano et al. 2012 ) and 10 January 2013, the end of our candidate selection period. Therefore, we cannot use this SN to test our procedures.
There are 2 remaining events that are special cases. We caught the transient SN 2008S in NGC 6946 in outburst at the beginning of our survey. We do not have any preexplosion images from this survey, as our first observation was taken 3 May 2008. Although Prieto et al. (2008) discusses the progenitor of SN 2008S using LBT observations taken before before the explosion, this data was not included in our analysis. In our survey, this source was chosen as a candidate in all 4 filters due to a decrease in luminosity of νLν ≥ 10 4 between the first and last observations. SN 2011fe, a Type Ia in M101 (Nugent et al. 2011) , occurred in our sample during our candidate selection period. This source was selected as a candidate due to the SN explosion itself. It had not faded enough by the end of our selection range and it will not test our methods because the progenitor is constrained to be far fainter than an evolved massive star ). 
CURRENT CANDIDATES
Our survey period with 3 ccSNe produced 4 final failed SN candidates. These candidates all show decreases in luminosity between the first and last observation of νLν ≥ 10 4 L⊙ (see Figure 1) . We have removed the bad candidates and now are left with the good and the "ugly" candidates. We have two good candidates and two more ambiguous candidates. The good candidates were clearly visible as a source at the start of the survey and have now faded and are no longer detected. The two "ugly" candidates are dimmer sources next to brighter stars in galaxies with poorer data. One candidate is next to a masked region of a bright star and the other is a red source that is blended with a brighter star. The light curves show a large decrease in flux and, from visual inspection, we cannot determine whether a star is still present at the end of the survey. We discuss each of these 4 candidates in detail below. For a vanished star, the change in luminosity we measure between our first and last observations during our candidate selection period, when the star has vanished, is equivalent to the total luminosity of the star. We use our measurements of the luminosity changes of our candidate vanished stars to determine their initial luminosities.
(Good) Candidate 1
The first candidate was found in NGC 6946 at RA 20:35:27.56 and Dec +60:08:08.29. This candidate was first observed in May 2008 and then experienced an outburst in March 2009, after which it was no longer detected. The source was near a chip boundary and so was sometimes missed due to pointing variations, particularly in the first few years. As a result, there are some epochs where we have V band data but no R band. It was selected as a candidate in the V and R bands due to a large luminosity decrease.
With better sampling, this would have met our LovegroveWoosley model based criteria. We measured a luminosity decrease in the R band of 2.7 × 10 4 L⊙ with an initial apparent magnitude of R ≃ 21.89 mag. The V band luminosity decreased by 3.0 × 10 4 L⊙ giving an initial V band apparent magnitude of V ≃ 22.13 mag. We estimate a V − R color of ≃ 0.24 mag. The candidate was never detected in the U band. It was detected in November 2008 and March 2009 in the B band, but starting as a dim source and with poor data quality when in outburst, so we focus on the V and R bands. The R band data is calibrated using the USNO B1.0 survey (Monet et al. 2003) and the V band is calibrated using SINGS ancillary data (Kennicutt et al. 2003) . While these calibrations are currently adequate, we hope to improve them in the future. Figure 5 shows the V and R light curves along with archival Spitzer Space Telescope 3.6µm and 4.5µm light curves that will be discussed later. We can see a source that is detected in two epochs at the beginning of the survey. In the R band, we observed the source on two successive nights, 3/4 May 2008 (the light curve points overlap in Figure 5 ). NGC 6946 was also observed in the V band on 4 May 2008 with the data quality just outside our analysis criteria. We include this observation as an open point in the light curve. We measured the differential flux with simple aperture photometry as a comparison to the ISIS estimates and found good agreement.
In the V band, the candidate increased in brightness on 25 November 2008 (V ≃ 20.25 mag, νLν = 1.7 × 10 5 L⊙) and we find a large luminosity increase on 25 March 2009 in the R band (R ≃ 19.07 mag, νLν = 3.6 × 10 5 L⊙). After this peak, the source was not detected in any band for the remainder of our survey, with the last observation for this galaxy on 7 June 2014. Figure 6 shows select observations for both the V and R bands. The candidate is clearly detected The open circle in the V band light curve was an observation that fell just outside our quality criteria that was later added as a check on the measurements. The vertical axis is in units of 10 4 L ⊙ (νLν ) and has been normalized to the first observation so that the luminosity difference between the first and last observations can be easily seen. A change in luminosity by 10 4 L ⊙ in either direction, as indicated by the horizontal lines, would lead to the source being selected as a candidate. The bottom two panels are the 3.6µm and 4.5µm SST archival light curves normalized to the first epoch and on a different y-axis scale.
in the first epoch, experiences an outburst and is not visible on or after 20 October 2009. We found no other references to this outburst. There is a cataloged GALEX UV source close to its position, however there is also a 21.71 mag U band source within 4 arcseconds from our candidate that is likely the GALEX source. The detection of the candidate two nights in a row at a relative unchanged luminosity in May 2008 shows that the source was present and relatively stable at the start of the survey. If this outburst was a nova or some other type of stellar variability, we expect that the star would not have been seen earlier, never fully disappeared, or should have returned. Based on the LBT data, this is a promising candidate.
There are archival observations of this source from both HST and the SST and Candidate 1 is easily identified in the observations from both telescopes. There is a single epoch of HST data from 8 July 2007 in the F 606W and F 814W WFPC2 filters (Program: 11229, PI:Meixner). Using the DOLPHOT software package (Dolphin 2002 ) to perform photometry and convert to Johnson filters and correcting for galactic extinction, we find Candidate 1 magnitudes of 22.15 ± 0.01 in the V band and 20.28 ± 0.01 mag in the I band, which is very similar to our first LBT observations. PI: Kasliwal). We preformed image subtraction on these observations using the same procedures as for our LBT data and produced the light curves shown in Figure 5 with our LBT light curves. Unlike the optical evolution, the increase and decrease of brightness in the mid-IR is very slow and continuous through the last observation at 3.6µm on 2014 March 26. Unfortunately, there is a gap in the mid-IR data when we see the outburst in the optical. Figure 7 shows the F 606W HST image and 3 of the 3.6µm SST observations (first, brightest and last). The archival images are labeled with the date of the observation. While there is some luminosity visible in the area of the source in the SST observations after it has vanished in the LBT data, and Candidate 1 could be a dusty stellar transient, it is part of some extended emission and the resolution is insufficient to securely detect the individual source seen in the LBT and HST observations. Additional observations, by both SST and HST are needed to determine the nature of this candidate since its outburst. We conclude that Candidate 1 is still a viable candidate.
(Good) Candidate 2
The second good candidate was found in NGC 4248, a dwarf companion galaxy to NGC 4258, at RA 12:17:50.56 and Dec +47:24:27.65. It was selected as a fading candidate in the R band. The source was also detected in the V band but not in the U or B bands. Figure 8 shows the R and V band differential light curves for this candidate. We see in both bands that the source begins the survey at a relatively constant luminosity for a year. We measured the luminosity decrease during our survey period to be 1.2 × 10 4 L⊙ in the R band and find an apparent magnitude of R ≃ 23.18 mag. In the V band we measure a luminosity decrease of 0.6 × 10 4 L⊙ and an apparent magnitude of V ≃ 24.29, giving a V −R color of ≃ 1.11 mag. Figure 9 shows select observations from the 28 total epochs for this galaxy. The candidate is no longer visible after 28 April 2011, about when the luminosity decrease crossed our threshold to consider the source a candidate in the R band.
While there are no HST archival observations of Candidate 2, there are IRAC SST observations from 2007 (Program: 40204, PI: Kennicutt) and 2010 (Program: 61008, PI: Freedman). There is no source visible at the location of Candidate 2 in either of these epochs. For the 3.6µm (4.5µm) data we calculate a 3σ flux limits of 0.0411 ± 0.0005 mJy (0.029 ± 0.001 mJy), which are too weak to constrain the mid-IR luminosity. This remains a viable candidate.
(Ugly) Candidate 3
The candidate found in NGC 5194 at RA 13:29:51.01 and Dec +47:11:26.85 was difficult to classify given its location and magnitude. It fell on the edge of a masked region caused by a bright star in both the V and R bands. The source was selected as a candidate due to fading in the R band. In addition to being next to a masked bright star, this candidate was also difficult to characterize because it is relatively faint at R ≃ 23.49 mag with a luminosity decrease of νLν = 1.2 × 10 4 L⊙. We find a luminosity decrease of 2.2 × 10 4 L⊙ in the V band and V ≃ 23.18 mag. The candidate was not detected in the U and B bands and no variability was seen in those bands. Figure 10 shows the V and R band light curves for this candidate, although the light curves are less reliable because the source is on the edge of a masked region.
The R band light curve shows a brightening near the end of the survey that appears to be caused by contamination from the neighboring star due to poorer observing conditions. The brightening in the V band during the last epoch, which was taken during good conditions, is also likely caused by edge effects from the masked star. No brightening is obvious in the raw images. Figure 11 shows selected observations of this candidate. This source is possibly visible on 16 March 2013 and 25 April 2014 where the data is good quality, however, it is not found by DAOPHOT and so we cannot fully remove it from our candidate list. We include this candidate because it presently passes our criteria, but it is very likely that this is not a failed SN and we expect it will be eliminated based on later data. There are archival data from both HST and SST at multiple epochs. The HST observations are available for many epoch and filters, so we only discuss select observations from the more standard, wide-field filters. We correct the astrometric solution to match our LBT reference image and find Candidate 3 corresponds to a pair of sources in the HST observations. Figure 12 shows several example HST observations along with our LBT reference and RMS images. In January 2005 observations were take with ACS (Program: c 0000 RAS, MNRAS 000, 000-000
First Candidates for Failed Supernovae 13 PI: Koda). This falls on the epoch between when the candidate had faded below our threshold in the R band and the end of our candidate selection period. We find a Vega F110W magnitude using aperture photometry of 15.95±0.46 mag for the top source and 16.44 ± 0.81 mag for the bottom source. Both sources are also clearly visible in F673N and F689M images (Program:12762, PI: Kuntz) taken on 2012 April 10. It is difficult to directly compare to the previous observations because of the filter differences. However, we would expect one of these stars to no longer be detected if it was a failed SN. This is further reason to eliminate this candidate. Since the last observation was obtained soon after the star met our selection criteria and well before the end of our survey period, new observations are necessary to confirm its elimination.
There are 16 epochs of IRAC data taken over 10 years There is no source visible in any observation or any detectable variability. We calculate 3σ upper limits on the source flux of 0.182 ± .003 mJy at 3.6µm and 0.128 ± .003 mJy at 4.5µm, which are not constraining in terms of the mid-IR luminosity.
(Ugly) Candidate 4
The final candidate was found in NGC 672 at RA 01:47:48.90 and Dec +27:25:28.82. This source was selected as a fading candidate in the V and R bands. Candidate 4 is not detected in the U or B bands and is blended with a brighter source in the V and R bands. Figure 13 shows the V and R band light curves for this candidate. We measure an R band luminosity decrease of 1.4 × 10 4 L⊙ and an initial magnitude of R ≃ 23.01 mag. The V band decreases in luminosity by 2.7 × 10 4 L⊙, giving an initial magnitude of V ≃ 22.64 mag. Figure  14 shows selected observations. Again, since the candidate is not resolved, the visual inspection adds little and we must rely on the light curves.
There are past observations of this source available from both HST and SST. The HST observations are in the F 336W filter from 2011 September 7 (Program: 12229, PI: Smith) and in the F 606W and F 814W filters from 2012 July 18 (Program: 12546, PI: Tully). After matching the astrometry of the HST observations to our LBT astrometry, we find no source in the F 336W data. There is, however, a corresponding source in the F 606W and F 814W filters. Using DOLPHOT to perform photometry and convert to Johnson filters and correcting for galactic extinction, we find Candidate 4 has 23.39 ± 0.01 mag in the V band and 21.34 ± 0.01 mag in the I band. Figure 15 shows the LBT reference and RMS images along with the F 336W and F 606W observations and an example 3.6µm SST observation. 
Candidate Summary
To summarize, we conclude that Candidates 1, 2 and 4 are still failed SN candidates, while Candidate 3 should probably be rejected. Candidate 1 in NGC 6946 was observed to have a relatively stable luminosity for two epochs before it experienced an outburst and then faded. Archival HST observations show a clear source before the outburst. Archival SST data show a long, slow mid-IR transient is associated with the source but the resolution makes it impossible to securely identify our source. For Candidate 2 in NGC 4248, the LBT observations show a clear, steady decrease in luminosity until it is no longer detected. Candidate 3 in NGC 5194 is a relatively faint source next to a bright star. It faded from detection in the LBT data about 3 years into the survey. Archival HST observations resolve this source into two stars, both of which are detected after we see the source fade in the LBT data. However, the closeness of the HST observation to when we see the source fade with LBT, combined with the different filter used, make any conclusions uncertain. Candidate 4 in NGC 672 is also in a crowded area. It was found to fade in the R and V bands with LBT. Archival HST observations from before the candidate faded show a clear source. Follow up observations with HST, SST and continued LBT monitoring can cleanly settle the three cases with pre-existing HST observations for comparison and would clarify the status of the fourth, Candidate 2.
LIMITS ON THE RATE OF FAILED SNE
If the rate of core collapses in the sample is r and the failed fraction is f , then the expected number of ccSNe and failed SNe are NSN = r(1 − f )tSN and NF SN = rf tF SN , where tSN is the period over which we search for SNe and tF SN is the failed SNe candidate selection period. The two survey times tSN and tF SN need not be the same because the SN surveys of these galaxies are not solely dependent on the LBT data. To determine the constraints on the failed fraction, we assume ideal detection efficiency and use Poisson probability distributions and marginalize over the corecollapse rate r. Taking a Bayesian approach and using a logarithmic prior of P (r) ∝ (1/r) for the rate and a uniform prior P (f ) ∝ constant for the failed fraction, we find the probability of getting a fraction, f , of failed SNe is proportional to,
where NSN and NF SN are the observed number of ccSNe and failed SNe, respectively. If we use a uniform prior P (r) ∝ constant, we find the probability is proportional to
We have dropped constant terms and the normalizations of the expressions can be found by requiring 1 0 P (f )df ≡ 1. There are explicit expressions in terms of hypergeometric functions, but they are not illuminating. The difference in the priors appears as a change in the exponent of the third term. If we set the survey times to be identical, the resulting binomial distribution, P (f ) ∝ (1 − f ) N SN f N F SN , does not depend on the prior on r. To constrain the fraction of failed SNe, we must choose a SN survey period, tSN , with NSN known ccSNe, and a failed SN survey period, tF SN , with NF SN failed SN candidates. To summarize, the number of ccSNe constrains r(1 − f ), while the number of failed SNe constrains rf and by marginalizing over r, we obtain the constraint on f .
We could estimate NSN from the historical record in the Sternberg Astronomical Institute supernova catalog. The sample galaxies had 26 probable ccSNe since 1900 along with 4 Type Ia SNe (Tsvetkov et al. 2004 ). If we calculate the typical rate using the time period from 1 January 2000 to 1 January 2014 there are 12 ccSNe (tSN = 14.0, NSN = 12), implying a rate of rccSN = 1.01 year −1 with a 90% confidence range of 0.55 < rccSN < 1.39. If we go back to 1 January 1970, there were 18 ccSNe (tSN = 44.0, NSN = 18), implying a rate of rccSN = 0.41 and a 90% confidence range of 0.28 < rccSN < 0.61, although it is also clear that the samples are almost certainly becoming incomplete on these longer baselines. However, we know we did not miss any new SNe during our survey. The survey data that is analyzed in this work is from the beginning of the survey in 2008 until the end of 2013. As discussed previously, there were 3 ccSNe during our candidate selection period (tSN = 4.0, NSN = 3). There was an additional ccSN between the candidate selection period and the end of 2013, the type II-P SN 2013ej in NGC 628 in July 2013 (Valenti et al. 2013 ). This gives a total of 4 ccSNe (tSN = 5.0, NSN = 4) and a rate during the The upper limits and ranges are at a 90% confidence level. The columns labeled "log" have a logarithmic prior of (1/r) on the unknown core-collapse rate while those labeled "const" have a uniform prior. Figure 16 . Probability dP/df for the fraction of ccSNe that are failed SNe if N F SN = 0 (short dashed), 1 (dotted), 2 (dot-dash) or 3 (long dash) failed SNe are found in our sample. The solid line shows the constraints from combining the historical Galactic SN rate with the non-detection of neutrinos from a Galactic ccSN (Adams et al. 2013) . Horiuchi et al. (2011) suggests f < ∼ 0.5 given the comparison between the SN rate and the star formation rate. The red supergiant problem is solved if f ∼ 0.2 − 0.3 and the black hole mass function suggests 0.092 < f < 0.39 (Kochanek 2014b) as shown by the shaded region.
overall survey of rccSN = 0.80 year −1 , which is consistent with the recent historical record. We will use this case as our fiducial example.
For the failed SNe, we use the time from the second epoch to the last observation of our candidate selection period to find a galaxy-averaged baseline of tF SN = 4.0 yrs. We use the second observation to begin our baseline because we require the star to be observed for two epochs before it fades to eliminate the possibility of a false-positive caused by a nova in the first epoch. If we include the first epoch, the average baseline is 4.6 ± 0.3 years. Here we simply use the average of the survey periods for each galaxy. While there is some spread (1.7-4.8 years), how we do the average is a negligible source of uncertainty. The average masked fraction for the galaxies is m = (3.9 ± 1.1)% which we can view as a reduction in our effective survey time, tF SN → (1 − m)tF SN . However, we monitor saturated stars that are masked, effectively reducing the masked fraction, and the uncertainties introduced by the small masked fraction are negligible compared to our present statistical uncertainties and will be ignored.
In §6 we were left with three possible candidates for failed SNe. Further monitoring and new HST observations should clarify their status, but for now we consider that NF SN = 0, 1, 2 or 3. Table 3 displays our results for the constraints on the fraction f of massive stars that experience a failed SN. We calculate the limits using both a logarithmic prior of P (r) ∝ (1/r) (columns labeled "log") and a uniform prior P (f ) ∝ constant (columns labeled "const") for the underlying core-collapse rate r. For simplicity, we first consider the NF SN = 0 case, which occurs if the three remaining candidates are ruled out. For our fiducial case (tSN = 5.0, NSN = 4) this leads to a (one-sided) 90% confidence upper limit of f ≤ 0.40(0.41) for the logarithmic (uniform) prior on r. Changing the assumed supernova survey period shifts the limits by roughly 10%, as shown in Table 3 . With NF SN = 1, 2, or 3 the (one-sided) 90% confidence upper limit rises to f ≤ 0.55 (0.50) for NF SN = 1, f ≤ 0.64 (0.64) for NF SN = 2 and f ≤ 0.69 for NF SN = 3. Of course, with a detection we would really have a measurement, and for NF SN = 1, 2 and 3, the median fractions are f ≃ 0.30, f ≃ 0.40, and f ≃ 0.48, respectively, with symmetric 90% confidence limits of 0.07 ≤ f ≤ 0.62, 0.15 ≤ f ≤ 0.69, and 0.22 ≤ f ≤ 0.69. Figure 16 shows the differential probability for the failed SNe fraction f for each of these 4 cases.
CONCLUSIONS
We have analyzed the first 4 years (tF SN = 4.0) of the LBT search for failed SNe. We observed 27 nearby galaxies in the Uspec, B, V , and R bands multiple times a year to monitor ∼ 10 6 red supergiants. We identified stars that experienced a change in luminosity of |∆νLν| ≥ 10 4 L⊙ between the first and last observation of the survey or rose to a peak luminosity of νLν ≥ 10 5 L⊙ for between 3 months and 3 years during the survey. This gave an initial candidate list. If the photom-etry from the ISIS image subtraction matched DAOPHOT photometry of the last image, the source was considered a secure detection and was not the vanished star of a failed SN. If the photometry measurements of the two methods did not agree, the source was visually inspected. While the candidate selection period ended 10 January 2013, observations taken past that date were used to help confirm the candidates. If there was variability or if the star again became visible, it was removed as a candidate.
We use the known ccSNe in these galaxies as tests of our approach. Of the 3 massive stars known to have died during our survey period, SN 2009dh, SN 2011dh and SN 2013fh, we select SN 2011dh as a star which has died. The other 2 SNe have not faded sufficiently to be found as vanishing stars. In the future, we will experiment with adding fake candidates. We have not done so as yet, instead focusing on whether we find the deaths of stars in successful SNe, because it is not entirely clear what fake signal to inject. There is a need for additional studies on the observational signatures of failed SNe such as that by Lovegrove & Woosley (2013) and Piro (2013) to allow such calibration studies.
We were left with 4 final failed SN candidates. At this point, three are of an ambiguous nature and still viable candidates and one, Candidate 3, is likely a variable star or stellar transient. Candidate 1 in NGC 6946 had an initial luminosity of R ≃ 21.89 mag (νLν = 2.7×10 4 L⊙). It was observed to have a relatively stable luminosity for two epochs before it experienced an outburst and then faded. Archival SST data show a long, slow mid-IR transient is associated with the source but the resolution makes it impossible to securely identify our source. Candidate 2 in NGC 4248 had an initial luminosity of R ≃ 23.18 mag (νLν = 1.2×10 4 L⊙). This source had a relatively constant luminosity for about a year before it faded to become undetectable. Candidate 3 was probably detected in 2014 and should probably be rejected, but it did not reach the formal criteria for rejection. Candidate 4 remains viable. Follow up observations with HST and continued monitoring should resolve the remaining ambiguities.
As discussed previously, solving the red supergiant problem requires a fractional failed SN rate of f ≃ 20 − 30% dominated by red supergiants with 18M⊙ < ∼ M < ∼ 25M⊙. We can explore the nature of the candidates to see if they fall within the mass range required to address this issue. Figure 1 shows the R band models with horizontal lines for the initial luminosity of our candidates. Candidates 1 and 2 were relatively red in LBT observations, while Candidates 3 and 4 were blue. However, in the HST data Candidates 1, 3, and 4 were relatively red (there was no HST data for Candidate 2), and these colors should be more reliable due to the reduced crowding. The colors matter because a given optical luminosity can correspond to two possible masses (see Figure 1) , a lower mass red solution and a higher mass blue solution where the star is intrinsically more luminous but the bolometric corrections are large. As red stars, candidates 2, 3 and 4 likely have masses of order 10-15 M⊙ that lie in the mass range of stars known to explode ). Only candidate 1 approaches the luminosity range corresponding to the missing RSG problem. While there is no requirement the stars of a given mass have the same final state (see Clausen et al. 2014) , the probable mass range of the candidates provide some additional support for their ultimate rejection.
Because we have three remaining candidate failed SNe, we consider the constraints on the fraction of core-collapses that lead to a failed SNe if our sample contains 0, 1, 2 or 3 failed SNe. We calculate the probability distributions using both a log and a uniform prior on r and report these results in Table 3 . Using a log prior for our fiducial case for the SN survey (tSN = 5.0, NSN = 4), we find an upper limit on the fraction of massive stars that experience a failed SN at 90% confidence of f ≃ 0.40 if no failed SNe are seen. For 1, 2 or 3 failed SNe observed, respectively, median fractions are f ≃ 0.30, f ≃ 0.40 and f ≃ 0.48 respectively with symmetric 90% confidence limits of 0.07 ≤ f ≤ 0.62, 0.15 ≤ f ≤ 0.69 and 0.22 ≤ f ≤ 0.69. The primary systematic uncertainty is the fraction of failed SNe we would miss because the star is heavily obscured by interstellar dust. This will be empirically explored by our ability to recover heavily extincted SN progenitors like that of SN 2009hd.
This initial survey suggests several improvements for our next analysis. First, we plan to revise the masking procedure. The physical masking of the images before subtraction for reasons other than CCD defects needs to be reduced or removed entirely, with masking of saturated regions taking place after image subtraction to reduce the number of false positive detections near the edges of masked regions. One option to improve our candidate selection is to require the candidate to be securely detected for a longer period. There would be no constraints on the variability of the source since the behavior of core-collapse progenitors are not well understood. This change would ensure we would be able to characterize any candidate reasonably well and further ensure that we were not catching the end of a nova or outburst event.
The main improvement to future limits from this survey will come from an increased time baseline and SN sample. We already have an additional year and a half that can be added to our survey selection period and an additional ccSN (SN 2014bc in NGC 4258; Smartt et al. 2014) . If, after 10 years, we have NSN = 8 and the true value of the failed fraction is 30%, then we have a 82% chance of finding a failed SN. This is a challenging experiment, but it is clearly feasible and has good prospects for success if one is patient.
Aside from our approach, the only other prospect of detecting a failed SN is to observe neutrinos or gravitational waves from a core collapse in our Galaxy. This would have the advantage of directly probing the collapse to a black hole, but the disadvantage of a very low rate. If the Galactic SN rate is one every 50-100 years, and the failed SN fraction is f = 0.3, there is a failed SN in the Galaxy only once every 150 to 300 years. Adams et al. (2013) combined the observed SN rate of the galaxy with the absence of any neutrino detections (Alexeyev & Alexeyeva 2002; Ikeda et al. 2007 ) of a failed SN over the last ∼3 decades to estimate that f ≤ 0.69 at 90% confidence. Figure 16 shows how these constraints compare to those in this work. Our much larger sample of massive stars has much more power in constraining this rare phenomenon.
Other attempts to estimate the failed SNe fraction come from cosmic measurements. The non-dectection of the diffuse SN background gives an upper limit of f ≤ 0.50 − 0.75 (Lien et al. 2010) . Using neutrinos from comparing massive star formation rates to SNe rates along with the lack of a detection of a diffuse neutrino background from SNe, Hopkins & Beacom (2006) estimates that the fractional failed SN rate cannot much exceed f = 0.5. Horiuchi et al. (2011 Horiuchi et al. ( , also see 2014 , finds a discrepancy between the cosmic SNR and the massive star formation rate which allows for a fractional failed SN rate up to ∼0.5 (but see Botticella et al. 2012) . Our limits are consistent with these estimates. The black hole mass function can be explained by a failed SN rate of 0.09 ≤ f ≤ 0.39 (Kochanek 2014b ) and such failure rates are consistent with studies of the "explodability" of massive stars (O'Connor & Ott 2011; Ugliano et al. 2012; Pejcha & Thompson 2014) .
While the primary goal of this survey is to better understand the fates of massive stars, it enables a broad range of other scientific explorations. For example, we should be able to obtain U BV R photometry of all future ccSN progenitors in these galaxies. Our sensitivity in searching for the progenitor of a particular SN, where we know exactly where to conduct the search, will be considerably better than in the search for failed SNe. We estimate that we should be able to measure the properties of almost all SN progenitors because, in this case, we can compare all the stacked data prior to the explosion to as many epochs as needed once the supernova has faded rather than needing to follow the evolution of the progenitor luminosity. This can be seen in the high signal-to-noise detection of the progenitor of SN 2011dh (see Figures 3 and 4) . The data also open a new field, progenitor variability, whether due to stellar activity or binarity (ellipsoidal variations or eclipses). This was demonstrated in Szczygie l et al. (2012), where we used LBT to determine the variability of the progenitor of SN 2011dh. The data are also being used to identify LBVs (Grammer et al. in prep) and to help characterize dusty evolved stars similar to η Carina or IRC+10420 (Khan et al. 2014) .
Our cadence and long baseline makes this survey ideal of studying long-term variables such as Cepheids. We have completed Cepheid studies for M81 and NGC 4258, determining the distances to these galaxies and exploring the dependence of Cepheid brightness on composition (Gerke et al. 2011; Fausnaugh et al. in prep.) . Our large field of view and long baseline allows us to identify Cepheids throughout the galaxy over a range of metallicities and periods P > ∼ 10 days. Other possibilities include the study of the long term variability of a large population of red supergiants and searches for massive eclipsing binaries. Finally, this survey can also be utilized to search for other rare phenomena that produce an optical signature, such as stellar mergers (see Kochanek et al. 2014) .
We should note the LBT/LBC is the best telescope/instrument for this survey. The wider field of view of Hyper Suprime-Cam on Subaru is only important for M31 and M33, but the binocular mode matters more for all other galaxies. HST could carry out the survey to a distance of 30 Mpc, but the costs would exceed even the scope of an HST Legacy Program. LSST could carry out a similar study in the South, but it would require a dedicated sub-survey (the standard exposures are far too shallow) and would have a galaxy sample with a lower ccSN rate. Moreover, if LSST starts science observations in 2022 as scheduled, it would have a data set comparable to that from our LBT survey, which is currently planned to continue till 2017, in about 2035. The most promising possible extension to this survey would be with WFIRST, although the lack of bluer optical bands will limit the characterization of the stars.
